Objective-Cardiovascular dysfunction is a major cause of mortality in patients with sepsis. Recently, we showed that gene deletion or pharmacological inhibition of protein tyrosine phosphatase 1B (PTP1B) improves endothelial dysfunction and reduces the severity of experimental heart failure. However, the cardiovascular effect of PTP1B invalidation in sepsis is unknown. Thus, we explored the beneficial therapeutic effect of PTP1B gene deletion on lipopolysaccharide (LPS)induced cardiovascular dysfunction, inflammation, and mortality. Approach and Results-PTP1B −/− or wild-type mice received LPS (15 mg/kg) or vehicle followed by subcutaneous fluid resuscitation (saline, 30 mL/kg). α-1-dependent constriction and endothelium-dependent dilatation, assessed on isolated perfused mesenteric arteries, were impaired 8 hours after LPS and significantly improved in PTP1B −/− mice. This was associated with reduced vascular expression of interleukin1-β, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, cyclooxygenase-2, and inducible nitric oxide synthase mRNA. PTP1B gene deletion also limited LPSinduced cardiac dysfunction assessed by echocardiography, left ventricular pressure-volume curves, and in isolated perfused hearts. PTP1B −/− mice also displayed reduced LPS-induced cardiac expression of tumor necrosis factor-α, interleukin1-β, intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and Gp91 phox , as well as of several markers of cellular infiltration. PTP1B deficiency also reduced cardiac P38 and extracellular signal-regulated protein kinase 1 and 2 phosphorylation and increased phospholamban phosphorylation. Finally, PTP1B −/− mice displayed a markedly reduced LPS-induced mortality, an effect also observed using a pharmacological PTP1B inhibitor. PTP1B deletion also improved survival in a cecal ligation puncture model of sepsis. Conclusions-PTP1B gene deletion protects against septic shock-induced cardiovascular dysfunction and mortality, and this may be the result of the profound reduction of cardiovascular inflammation. PTP1B is an attractive target for the treatment of sepsis. (Arterioscler Thromb Vasc Biol. 2014;34:1032-1044 .) The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
S eptic shock is a major healthcare problem, inducing high mortality in intensive care units. 1 It is defined as a systemic inflammatory response to infection with profound effects on all organs and most notably the cardiovascular system. 2 Sepsis-induced cardiovascular dysfunction is one of the major predictors of morbidity and mortality of sepsis. 3 Endotoxemia, which occurs during Gram-negative bacterial infection, is involved directly in the outbreak of systemic inflammatory response. Stimulation of endothelial cells with lipopolysaccharide (LPS) or bacteria leads the upregulation of intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), production of cytokines (tumor necrosis factor [TNF]-α, interleukin-1β
[IL-1β], and IL-6), 4 as well as expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (Cox-2) that both aggravate inflammation and impair vascular reactivity to vasoconstrictors.
Sepsis may be characterized by deregulation of the host immune system with resultant damage at the cellular and tissue levels, leading to organ failure and death. The overwhelming inflammatory response to sepsis has been attributed to alterations of multiple intracellular pathways, including mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/Akt pathways, which further promotes cardiovascular dysfunction and damage. 5, 6 PI3K pathway plays a critical role in immunologic defense mechanisms acting in part as a compensatory mechanism in response to activation of intracellular proinflammatory signaling pathways. 7 Among the early events that trigger inflammation, endothelial dysfunction, and especially alteration of endothelial production of nitric oxide (NO) by endothelial NO synthase (eNOS) seems to play a major role. Endothelial NO opposes many of the molecular events associated with inflammation, such as oxidative stress and expression of cytokines and adhesion molecules. 8 In septic shock, the deleterious role of impaired NO production is illustrated by the observation that endothelial-specific overexpression of eNOS improves hemodynamics and increases survival after LPS. 9 Thus, in this disease, the role of NO is biphasic (ie, an early impairment of endothelial production followed by a delayed overproduction of NO via iNOS expression). Based on this, endothelial protection, and especially restoration of endothelial NO production, seems as an attractive approach to counteract inflammation and ultimately reduce organ damage and mortality in sepsis.
One approach, developed in our laboratory, to restore endothelial NO production in diseases is based on inhibition of protein tyrosine phosphatase 1B (PTP1B). We demonstrated that PTP1B inhibitors, by favoring tyrosine phosphorylation, restore altered endothelial NO (eNOS) production in chronic heart failure. 10 We also showed that long-term pharmacological inhibition or gene deletion of PTP1B reduces left ventricular (LV) dysfunction and adverse LV remodeling in chronic heart failure. 11 Improvement of endothelial dysfunction after inhibition of PTP1B was related to restored PI3K/ Akt/eNOS signaling, consistent with the known role of this enzyme in regulating insulin signaling 10 (eg, insulin receptor, insulin receptor substrate-1, PI3-K/Akt, and MAPK). In parallel, PTP1B invalidation reduces oxidant tone and improves vascular function in a mouse model of obesity, 12 and PTP1B expression is enhanced by inflammatory mediators such as TNF-α. 10, 13 Thus, PTP1B inhibition may represent an important approach for the treatments of sepsis-induced inflammation and dysfunction.
Therefore, the main objective of our study was to determine the effect of PTP1B gene deletion on cardiovascular inflammatory processes, vascular and myocardial dysfunction, and survival in LPS-challenged mice.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

PTP1B Gene Deletion in LPS Mice Reduces Smooth Muscle Contractile Dysfunction and Improves NO-Mediated Vasodilation
The contraction induced by phenylephrine 10 −7 mol/L and 10 −6 mol/L was reduced in wild-type (WT) LPS mice at H-8, and this contraction was significantly improved by the selective iNOS inhibitor 1400W. This impaired contractile response was reversed significantly in PTP1B −/− mice ( Figure 1A) .
At H-8, compared with sham, LPS mice displayed a marked impairment of flow-mediated dilatation (FMD). Nω-nitro-l-arginine (L-NNA) abolished FMD in sham arteries, suggesting that it is mediated entirely by NO, but did not affect FMD in arteries isolated from LPS mice, suggesting that LPS abolished flow-induced NO-mediated dilatation ( Figure 1B) .
The LPS-induced impairment of FMD was not found in PTP1B −/− LPS H-8 mice. In those mice, L-NNA abolished FMD, suggesting that the increased FMD is mostly because of restored (endothelial) NO production ( Figure 1B ). In contrast, in mesenteric arteries isolated from sham mice, PTP1B deficiency reduced FMD as previously described ( Figure 1B ). 11 No significant difference in the endothelium-independent dilation to the NO donor sodium nitroprusside was found between groups (data not shown).
In another set of arteries, we found that in vitro incubation with TNF-α impaired mesenteric artery FMD and that this impairment was absent in PTP1B −/− mice. Incubation with L-NNA abolished FMD in WT and PTP1B −/− mice before and after TNF-α incubation ( Figure 1C ).
In parallel, in mesenteric arteries isolated from WT LPS mice, we observed a significant decrease in Akt and eNOS phosphorylation at H-8, which was significantly less marked in arteries isolated from PTP1B −/− LPS mice ( Figure 1D ). The changes in eNOS phosphorylation were not accompanied by significant changes in eNOS expression, although there was a tendency for a transient increase at H-4 in both WT and PTP1B −/− mice. PTP1B deficiency did not affect eNOS expression at any time point ( Figure 2D ). In PTP1B −/− LPS mice, the early increase of Akt phosphorylation was also found 24 hours after LPS (WT: 0.44±0.06; PTP1B −/− : 0.74±0.07).
In Vitro and In Vivo PTP1B Inhibition Restores NO-Mediated Vasodilation in LPS and Cecal Ligation and Puncture Mice
Acute in vitro incubation with the PTP1B inhibitor AS279 markedly improved FMD in arteries isolated from LPS ( Figure 2A ) and cecal ligation and puncture (CLP) mice ( Figure 2B ). This improvement was inhibited significantly by L-NNA, suggesting that acute PTP1B inhibition restored NO production during endotoxemia. A similar protective effect on NO-dependent, flow-mediated vasodilation was found after a 7 days in vivo treatment with the PTP1B inhibitor AS279 ( Figure 2C) , showing that pharmacological blockade of PTP1B affords similar protection as that observed in PTP1B −/− mice. 
Nonstandard Abbreviations and Acronyms
PTP1B Gene Deletion Limits LPS-Induced Cardiovascular Inflammation
Vascular Inflammation
In WT mice, LPS enhanced the mesenteric artery expression of PTP1B, as well as of the proinflammatory genes TNF-α, IL-1β, ICAM-1, VCAM-1, iNOS, COX-2, and Gp91phox and decreased expression of eNOS and COX-1. This proinflammatory profile was more marked at H-4 than at H-8 and was not associated with detectable changes in cluster of differentiation (CD) 45 expression, suggesting an absence of increased infiltration of inflammatory cells. PTP1B gene deletion limited this mesenteric artery inflammation at least at H-4, as shown by the reduced mRNA expression of TNF-α, IL-1, ICAM-1, VCAM-1, iNOS, COX-2, and Gp91phox at H-4 (but not at H-8), whereas no significant differences were found for eNOS and COX-1. Moreover, in WT mice, LPS induced a significant increase in blood electron paramagnetic resonance signal for hemoglobin-nitric oxide at H-8, which was less marked in PTP1B −/− mice, indirectly suggesting a decreased concentration of NO (presumably linked to the decreased iNOS expression; Figure 3 ).
Cardiac Inflammation
In WT mice, LPS significantly increased the cardiac expression of PTP1B, of the proinflammatory genes TNF-α, IL-1β, and Gp91phox ( Figure 4A ), as well as of VCAM-1, ICAM-1, and the specific markers of leukocyte (and especially macrophage) infiltration CD45, F4/80, CD11c, and CD68, and this proinflammatory profile was more marked at H-4 than at H-8 ( Figure 4B ). PTP1B gene deletion attenuated LPS-induced cardiac inflammation as shown by the significantly reduced expression of TNF-α, CAM-1, F4/80, and CD68 at H-4 and IL-1β, Gp91phox, VCAM-1, CD45, and CD11c at H-4 and H-8 ( Figure 4A and 4B).
To understand further the mechanisms by which PTP1B gene deletion negatively regulates LPS-induced inflammation, we evaluated its effect on activation (phosphorylation) of extracellular signal-regulated protein kinases 1 and 2 and p38MAPK. In WT mice, LPS significantly increased phosphorylation of p38 MAPK and extracellular signal-regulated protein kinases 1 and 2 at H-4, and these increases were significantly less marked in PTP1B −/− mice ( Figure 4A ). 
PTP1B Gene Deletion Limits LPS-Induced Impairment of Hemodynamics and Cardiac Function
Results on the evaluation of blood pressure and heart rate in conscious mice are shown in Table 1 . PTP1B deletion did not affect blood pressure or heart rate in sham mice, although there was a tendency toward increased systolic pressure, in agreement with previous results. 14 In WT mice, LPS significantly reduced systolic and pulsed pressure, without affecting diastolic or mean pressure. In LPS mice, PTP1B gene deletion significantly blunted the decrease in systolic and pulsed pressure.
Echocardiographic analysis performed in sham mice only showed a significantly lower LV end-diastolic diameter in PTP1B −/− mice versus WT, without any changes in LV fractional shortening (Table 1 ). In WT mice, LPS induced a significant myocardial depression as shown by the enlarged LV end-systolic diameter, decreased fractional shortening, cardiac index, rate-corrected velocity of circumferential fiber shortening, aortic maximum velocity, and impaired LV hemodynamics assessed via either load-dependent (dP/d tmax , dP/dt min , LV end-systolic pressure, and τ) or load-independent parameters (LV end-diastolic pressurevolume relationship and LV end-systolic pressure-volume relationship). In LPS injected mice (H-8), compared with WT, PTP1B gene deletion was associated with a significant improvement of cardiac functional and hemodynamic parameters ( Figure 5A ; Table 1 ).
Intrinsic myocardial function was assessed ex vivo in an isolated heart system with either 1.4 or 2.5 mmol/L calcium in the solution. In sham mice, no differences of LV developed pressure were observed between WT and PTP1B −/− ( Figure 5B ). In WT mice, LPS significantly impaired intrinsic cardiac contractile performance as shown by the decreased LV developed pressure ( Figure 5B ) and its first derivative (data not shown). Compared with WT, PTP1B −/− mice showed a significant improvement of contractile performance at both calcium concentrations ( Figure 5B ). In addition, PTP1B deficiency significantly reduced τ ( Figure 5B ) both in sham and LPS mice, suggesting that it improved LV relaxation. LV relaxation largely depends on phospholamban (PLN) phosphorylation, leading to sarcoplasmic reticulum Ca 2+ ATPase (SERCA) activation. 15, 16 Compared with WT sham, PTP1B deficiency was associated with a higher PLN phosphorylation ( Figure 5C ). After LPS injection, this phosphorylation was significantly reduced both in WT and PTP1B −/− mice; however, the reduction was less marked in PTP1B −/− than in WT mice. Moreover, mRNA expression of the catalytic subunits of the proteine phosphatases 1 and 2A, known to play a crucial role in PLN dephosphorylation, was significantly increased by LPS in WT mice but not in PTP1B −/− mice. The expression of SERCA2a was not affected by PTP1B gene deletion or by LPS injection. Thus, the improved relaxation together with increased PLN phosphorylation strongly suggests an increased Ca 2+ sarcoplasmic reticulum (SR) uptake mediated by an increased SERCA activity in PTP1B −/− mice. In situ mitochondrial respiration was assessed in permeabilized heart fibers. There was no difference between respiratory control ratio in L-glutamate+L-malate ADP-stimulated respiration between groups ( Table 2) . LPS significantly reduced respiratory control ratio in palmitoyl-L-carnitine+L-malate ADP-stimulated respiration in WT mice, and this was not affected by PTP1B gene deletion ( Table 2 ).
PTP1B Gene Deletion Improves Locomotor Activity in Sepsis
After LPS injection, WT and PTP1B −/− mice displayed typical signs of murine endotoxinic shock such as ruffled fur, diarrhea, and ocular exudates. Table 3 shows that LPS significantly reduced horizontal and vertical locomotors activities, total and vertical movement time, and the total distance covered. PTP1B deletion improved locomotor activity as shown by higher horizontal activity, total movement time, and the total distance covered during the 24-hour period after LPS injection (Table 3 ).
PTP1B Gene Deletion Increases Survival
Compared with WT mice, PTP1B −/− mice exhibited a significantly higher survival rate (70%) 96 hours after LPS challenge because at this time no WT mice had survived ( Figure 6A ). The PI3K inhibitor wortmaninn increased mortality in WT mice and abolished the beneficial effect observed in PTP1B −/− mice ( Figure 6B ).
LPS mice pretreated for 7 days with the pharmacological PTP1B inhibitor AS279 displayed an increased survival rate compared with untreated LPS mice ( Figure 6C ), although this was not as marked as that observed in PTP1B −/− mice.
Finally, PTP1B deficiency also significantly increased survival in CLP mice, although this effect was not as marked as that observed in LPS mice ( Figure 6D) . In contrast, the pharmacological PTP1B inhibitor AS279 did not affect survival of CLP mice ( Figure 6E ).
Discussion
The main results of our study performed in mice are as follows: 
Cardiac and vascular PTP1B expression was increased in
response to LPS. 2. PTB1B gene deletion significantly reduced LPS-induced proinflammatory processes, restored endothelial function, and reduced cardiac contractile dysfunction.
In vivo and in vitro pharmacological inhibition of PTP1B
also restored endothelial function in LPS mice. 4. Both gene deletion and pharmacological inhibition of PTP1B reduced LPS-induced mortality, and PTP1B gene deletion also improved survival in CLP mice.
Modulation of LPS-Induced Vascular Endothelial Dysfunction and Inflammation
Vascular (and especially endothelial) dysfunction is considered as a precursor of tissue damage and end-organ dysfunction. Using polymerase chain reaction experiments, our data confirmed the presence of PTP1B in the vascular wall and demonstrated that PTP1B expression was enhanced by LPS injection. Consistent with our hypothesis, PTP1B gene deletion afforded vascular protection by negatively regulating the inflammatory response to LPS. In PTP1B −/− mice, LPSinduced enhanced vascular expression of TNF-α, IL-1β, ICAM-1, VCAM-1, iNOS, COX-2, and Gp91phox mRNA was significantly reduced. ICAM-1 and VCAM-1 are known to mediate neutrophil infiltration and promote lung injury in LPS-challenged mice. 17 Similarly, COX-2-derived metabolites participate to cardiovascular dysfunction and inhibition of this enzyme attenuates LPS-induced cardiovascular dysfunction. 18 Thus, cytokines, enzyme-generated reactive oxygen species, and COX trigger an acute inflammatory response and induce vascular damage that may be reduced by PTP1B deletion. During sepsis, vascular hyporeactivity has been mainly related to NO overproduction via iNOS expression, as confirmed by the improved contractile response to phenylephrine by the iNOS inhibitor 1400W in mesenteric arteries isolated from WT LPS mice. The higher ex vivo contractile response to phenylephrine found in PTP1B −/− mice demonstrates the beneficial effect of PTP1B gene deletion on smooth muscle contractility, probably related to the decreased vascular iNOS-mediated NO production. This is also supported by the observations of a decreased iNOS gene expression and decreased plasma hemoglobin-nitric oxide electron paramagnetic resonance signal, which indirectly suggest a decreased concentration of NO. These findings are important because iNOS expression is one of the most deleterious events leading to vascular injury and organ hypoperfusion during systemic inflammation. 19 Convincing evidence suggests that early endothelial dysfunction, and especially alteration of eNOS-mediated production of NO, plays a major role in triggering inflammation, ultimately contributing to end-organ dysfunction. The markedly impaired FMD observed in mesenteric arteries isolated from WT LPS mice clearly indicates severe endothelial dysfunction, whereas the abolition of the L-NNA-sensitive component of FMD reflects a profound alteration of physiological NO production in these mice. In these conditions, the restoration of a large L-NNA-sensitive FMD in PTP1B-deficient LPS mice, as well as in LPS or CLP mice, pretreated in vivo by a PTP1B inhibitor demonstrates that it is associated with restored endothelial NO production, in agreement with our previous results obtained in chronic heart failure. 11 To more precisely assess the link between vascular inflammation and endothelial dysfunction, we incubated arteries with TNF-α, known to promote endothelial dysfunction ex vivo or in vitro. 20 The observation that the alteration of NO-dependent FMD induced by TNF−α is blunted in PTP1B-deficient mice strongly supports the hypothesis that this intervention directly acts on cytokine-mediated endothelial dysfunction in LPS-induced sepsis.
One mechanism of this inflammation-induced endothelial dysfunction is via direct alterations of eNOS pathway, and especially of the Akt-mediated eNOS serine phosphorylation. 21 We confirmed that LPS not only markedly downregulated eNOS expression but also significantly reduced the phosphorylation of Akt and of eNOS pathway in mesenteric arteries from WT mice. In PTP1B −/− mice, eNOS phosphorylation was restored, and this improvement was associated with the recovery of Akt phosphorylation. Akt-dependent phosphorylation of eNOS is necessary for a full activation of eNOS and endothelium-dependent dilatation. 22 This is consistent with previous data showing that statins restored sepsis-induced impairment of Akt/eNOS phosphorylation in association with improved survival in a rabbit LPS-induced septic model. 23
Modulation of LPS-Induced Cardiac Inflammation and Contractile Dysfunction
We found that LPS reduced arterial pressure in conscious mice and impaired LV function as shown by reduced fractional shortening, cardiac index, rate-corrected velocity of circumferential fiber shortening, and dP/dt max/min but also the load-independent indicators of systolic and diastolic dysfunction LV end-systolic pressure-volume relationship and LV end-diastolic pressure-volume relationship obtained by invasive pressure-volume relationship. These cardiovascular effects of LPS injection are consistent with previous reports. 24, 25 We demonstrated that PTP1B gene deletion improves arterial pressure in conscious mice, as well as both load-dependent (fractional shortening, cardiac index, rate-corrected velocity of circumferential fiber shortening, and dP/dt max/min ) and load-independent LV functional parameters (LV end-systolic pressure-volume relationship and LV end-diastolic pressure-volume relationship). Moreover, ex vivo perfused heart experiments revealed the beneficial effect of PTP1B gene deletion on intrinsic LV contraction (LV developed pressure) and relaxation (relaxation constant τ), which thus suggests an improved intrinsic contractile status, independent of possible neurohumoral changes or modifications of load conditions. There are different possible mechanisms for this beneficial cardiac effect during LPS-induced sepsis. Current evidence suggests that enhanced production of proinflammatory cytokines, including TNF-α and IL-1β, mediate sepsis-induced cardiac dysfunction. 4 Treatment with human recombinant TNF-α and IL-1β synergistically induced reduction of myocyte contractility in vitro, and the myocardial depressant activity of human serum from septic patients was attenuated by immunoprecipitation of TNF-α and IL-1β. 26 We found that PTP1B deletion limited the LPS-induced early and transient increases in myocardial TNF-α and IL-1β mRNA, which may thus be one of the mechanisms of its beneficial effect on cardiac function. In our experiments, the decreased cardiac cytokines expression was accompanied in PTP1B −/− mice by a downregulation of the adhesion molecules ICAM-1 and VCAM-1, as well as a decreased infiltration of inflammatory leukocytes suggested by the reduced CD45, F4/80, CD11c, and CD68 expression. Circulating leukocytes such as monocytes and neutrophils are known to infiltrate cardiac tissue rapidly during inflammation and play an important role in LPS-induced multiple organ injury. However, it was found that blockade of ICAM-1 abolished LPS-induced cardiac dysfunction but did not reduce accumulation of neutrophils in the heart. 27 Accumulating evidence reveals that ICAM-1 and VCAM-1 may induce myocardial injury independent of leukocytes infiltration. ICAM-1 activation has been shown to stimulate oxidative burst, alter calcium flux, and provoke MAPK activation in noncardiac cells. 28, 29 Interestingly, PTP1B has been shown to play a key role in the intracellular VCAM-1 signaling and thus participate to transendothelial migration during inflammatory response. 30 In any case, the reduced ICAM-1 and VCAM-1 expression and reduced leukocytes infiltration probably participates to the beneficial effects on cardiac cytokines production and on cardiac function. In any case, although the present data and existing literature suggest a central role of reduced inflammation in the cardiovascular protection observed after PTP1B blockade, our results have not directly demonstrated that the reduction in inflammation is key driver for the observed protection and improvement in cardiac function. We observed that deletion of PTP1B reduces LPS-induced p38MAPK and extracellular signal-regulated protein kinase 1 and 2 phosphorylation in the heart. Activation of MAPK is an important signaling pathway controlling LPS-induced cytokine production and plays a key role in TNF-α expression and myocardial dysfunction in sepsis. 31 Extracellular signalregulated protein kinase 1 and 2 activation induced TNF-α expression in several cell types including cardiomyocytes during sepsis. 32 In parallel, LPS increased p38 MAPK phosphorylation in cultured neonatal cardiomyocytes, and inhibition of this enzyme reversed LPS-induced LV depression and decreased mortality. 33 Thus, the effect of PTP1B deletion on MAPK phosphorylation may be a central mechanism of the observed decrease in myocardial inflammatory response. Impairment of SR Ca 2+ reuptake is another part of the postulated scenarios for LPS-induced cardiac contractile perturbations. SR calcium uptake is mediated by Ca 2+ -ATPase (SERCA2A), whose activity is reversibly regulated by PLN. Dephosphorylated PLN inhibits SERCA2A, and phosphorylation of PLN relieves this inhibition. 15, 16 Thus, PLN and SERCA2a interactions play a primary role in regulating cardiac contractility and relaxation. There is, however, abundant evidence that inflammation alters myocardial calcium homeostasis. Especially, LPS was shown to provoke SR leak and cytoplasmic Ca 2+ accumulation. 34 Decreased PLN phosphorylation, attributable in part to increased activity of the protein phosphatases 1 and 2A, is known to contribute to the impairment of myocardial contractility in sepsis. 16, 35 We found that LPS injection induced decreased mRNA expression of catalytic subunit of these 2 phosphatases in WT but not in PTP1B −/− mice, and this could contribute to the changes in PLN phosphorylation and myocardial function.
We demonstrated that PTP1B deletion increases PLN phosphorylation in both sham and LPS mice. This observation, which parallels that of the decreased relaxation constant τ in isolated hearts, strongly suggests an increased Ca 2+ SR uptake mediated by an increased SERCA2A activity in PTP1B −/− mice, leading to improved relaxation. This may be as a result of increased sympathetic tone because previous study suggested that lacking PTP1B favors sympathoactivation by potentiation of leptin signaling. 14 This increased PLN phosphorylation presumably results in improved intracellular calcium homeostasis that could contribute to the reduced LPS-induced intrinsic cardiac contractile dysfunction. However, because we have not specifically tried to asses whether modulation of PLN or SERCA 2a activity recapitulates cardiac functional recovery observed in LPS treated PTP1B −/− mice, the direct role of the increased PLN phosphorylation on the observed functional changes is suggested but not directly demonstrated.
Another mechanism which may contribute to the improvement of cardiac function is mitochondrial protection. 5 The mitochondrial permeability transition pore opening seems to be involved in sepsis-induced mitochondrial damage in the myocardium. 36 In this context, we confirmed that LPS may be associated with myocardial mitochondrial dysfunction as shown by the impaired respiratory control ratio in palmitoyl-L-carnitine+L-malate ADP-stimulated respiration. However, this impairment was not modified in PTP1B −/− mice, implying that the beneficial effect of PTP1B deletion is not related to an improvement of this mitochondrial function.
Survival
Our survival studies showed that gene deletion or pharmacological inhibition of PTP1B protect the animals against LPS-induced death. PTP1B deficiency also improved survival in the CLP model of polymicrobial sepsis, although this latter effect was less marked than that observed after LPS, probably related to the fact that the CLP microbial model of sepsis with sustained infection induces more severe alterations than the LPS model consisting of a single and transient endotoxin challenge. To the best of our knowledge, no previous studies demonstrated this beneficial effect in sepsis.
Although the selectivity of the pharmacological inhibitor used may be questioned, 10 we think that the combination of the double genetic/pharmacological approach with similar results (as already applied by us in chronic heart failure) 11 provides a strong argument for the role of PTP1B, with the added value of the clinical relevance of pharmacological inhibition. It must be stressed, however, that the effect of pharmacological PTP1B inhibition was less marked than that of gene deletion, as evidenced by the results on survival (ie, more moderate effect of the pharmacological inhibitor in LPS and lack of effect in the more severe CLP model mice). This may have several causes, including lack of selectivity for PTP1B, incomplete inhibition of the enzyme, and pharmacokinetic considerations. Possible future evaluation of other pharmacological PTP1B inhibitors in subsequent studies may help increasing the clinical relevance of our work.
Interestingly, this beneficial effect on survival was absent after in vivo treatment with the PI3K inhibitor wortmannin. This is in line with a previous study reporting several beneficial effect of Akt overexpression after LPS injection. Taken together, these results suggest that the beneficial effect of PTP1B inhibition on survival may involve the PI3K/Akt (and possibly eNOS) pathway. However, because wortmannin per se increased mortality in WT mice, it is unclear whether the abolition of the beneficial effect of PTP1B deficiency indeed reflects a reversal of its effects or is simply the consequence of nonspecific deleterious effects of wortmannin. In addition, we have not performed mirror experiments testing whether selective Akt phosphorylation also induces cardiovascular protection and decreases mortality, thus determination of the exact role of PI3K and Akt phosphorylation in the observed effects requires further investigation.
The present study addresses the beneficial cardiovascular effects of PTP1B blockade associated with an improved survival; however, we have not addressed the changes occurring in other organs. Of note, a recent article showed that attenuation of PTP1B oxidation (which in theory should lead to increased PTP1B activity) protects against LPS-induced pulmonary edema. 37 Thus, if possible deleterious effects on pulmonary permeability also occur in our model, they might limit the overall benefit of PTP1B blockade demonstrated here, especially in terms of mortality
Conclusions
In conclusion, our study revealed for the first time that pharmacological inhibition or gene deletion of PTP1B reduced LPS-induced mortality, probably related to the reduction of cardiovascular inflammation and dysfunction (Figure 7 ). Sepsis and septic shock lead to considerable morbidity and mortality in developed and developing countries. Despite advances in understanding the innate immune events that lead to septic shock, molecular therapies based on these advances have failed to improve sepsis mortality. Taken together, our results suggest for the first time that inhibition of PTP1B may be a new pharmacological target for the treatment of sepsis.
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